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Abstract. The molecular oxygen dayglow emissions,
Ox(a'Ag — X*Eg) at 1.27 pm and 02(b'Eg — X*Eg) at 762 nm,
arise in part from processes related to the Hartley band photolysis
of ozone. 1t is therefore possible to derive daytime ozone
concentrations from measurements of the volume emission rate
of either dayglow. The accuracy to which the ozone
concentration can be inferred depends on the accuracy to which
numerous kinetic and spectroscopic rate constants are known,
including rates which describe the excitation of molecular oxygen
by processes that are not related to the ozone concentration. We
find that several key rate constants must be known to better than
7% accuracy in order to achieve an inferred ozone concentration
accurate to 15% from measurements of either dayglow.
Currently, accuracies for various parameters typically range from
5% to 100%.

Introduction

Understanding the distribution of ozone in the terrestrial
mesosphere and lower thermosphere is a fundamental problem in
atmospheric science. A complete description of the thermal
structure and photochemistry of the region is not fully possible
unless the ozone abundance is well characterized. To understand
the distribution of ozone on a global basis requires remote
detection from space-based observing platforms. The ozone
concentration may be determined directly by measurements of
emission from ozone itself and indirectly from measurements of
emission from species that are produced as a result of ozone
photolysis. Specifically, the two lowest-lying electronically
excited states of molecular oxygen, Ox(a'Ag) and Oy(b'Zg)
(hereafter O,(*A) and O,('Z)) are created, in part, directly and
indirectly as a result of photolysis in the Hartley band of ozone.
Radiative cmission from these two states thus provides an
indirect measure of the ozone abundance. Observation of the
0,('A) airglow at 1.27 um has been used to infer the ozone
concentration by the Solar Mesosphere Explorer (SME)
experiment [Thomas et al., 1984], and the 0,('T) airglow at 762
nm as measured by the High-Resolution Doppler Imager (HRDI)
on the Upper Atmosphere Research Satellite (UARS) is currently
being considered as an ozone proxy [Yee et al., 1993]. The
0,(!A) airglow will also be observed by the Sounding of the
Atmosphere using Broadband Emission Radiometry (SABER)
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cxperiment [Russell et al., 1994] selected for NASA's
Thermosphere-lonosphere-Mesosphere Energetics and Dynamics
(TIMED) mission.

The purpose of this letter is to identify the key kinetic and
spectroscopic rates which relate the measured airglow intensities
to the ozone concentration and to define quantitatively the
accuracy to which these rates must be known in order to achieve
an ozone concentration with an uncertainty of 15%, in order to
guide new laboratory measurements. This study is similar to that
of Harries [1982] who determined the rate constant accuracies
required to achieve a good inference of hard-to-measure chemical
species given measurements of related species and the
photochemical relations between the species. We will show,
using an approach similar to Harries', that significant
improvements in the accuracy of the rate constants which
describe collisional energy transfer, radiative absorption, and
spontaneous emission in the coupled oxygen-ozone dayglow
system are needed before ozone can be confidently inferred to an
accuracy of 15% or better.

Methodology

The oxygen dayglow model used in this study is described by
Mlynczak et al. [1993] and the relevant processes are listed in
Table 1. The reader is referred to Figure 1 of Mlynczak et al.
[1993] for a schematic illustration of the processes which
generate molecular oxygen airglow. There are a total of 26
parameters which must be specified in order to calculate the
0,('A) or O5('Z) volume emission rate. However, as will be
shown, accurate inference of ozone from either dayglow requires
good knowledge of 6 to 8 parameters.

To calculate the uncertainty in ozone due to uncertainties in
the paramecters, we evaluate the following expression for the
standard deviation (variance) of the inferred ozone
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where S? is the total variance (ultimately expressed as a
percentage of the true ozone concentration), O3 is the truc ozone
concentration, d03/dx; is the derivative of the ozone
concentration with respect to kinetic or spectroscopic parameter
x;, and s; is the uncertainty in parameter x;. It is assumed that the
individual parameters x; arec uncorrclated such that the total
uncertainty S (S = (82)!2) in the inferred ozone concentration is
given by the root-sum-square of the individual uncertainties, as in
Harries [1982]. The terms composing the sum on the right hand
side of Eq. 1 are evaluated numerically by first calculating the
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Table 1. Kinetic and spectroscopic processes in the molecular
oxygen airglow.

Process Rate Symbol Description
O3+hv — 02(1A) + O(ID) 0ala Hartley photolysis
07 +hv - 0CP) + O(ID) oLJ,  Ly-a photolysis
07 +hv— O(3P) + O(ID) Jg Schum.-Run. photol.
02 + hv (762 nm) — 02(12) Jis Solar absorption
O(ID) +N2— O(3P) + N3 ke Collisional quench.
O(le) +02 > 02(12) + O(3P) ddkd Collisional quench.
0(Ip) + 07 - 07 + 0CP) (1-0)kg
Oz(lA) +07->02+02 ki Collisional quench.
07(1A) + N2 - 07+ Np Kj Collisional guench.
Oz(lA) +0-502+0 ki Collisional quench.
02(!A) > 07 +hv (1.27um) Ay Spontan. emission
0x1D)+M 5 0x(lay + M ockf  Collisional quench.
02(1%) +M - 023%) + M (1-dekp)

02(12) — 02 + hv (762 nm) AK Spontan. emission

molecular oxygen volume emission rate, then perturbing an
individual parameter (such as a quenching ratc), followed by
deriving the ozone concentration using the calculated volume
emission rate and the perturbed value of the specified parameter.
This is done for cach parameter as a function of height between
10 hPa (approximately 30 km) to 10 hPa (approximately 110
km). The model atmosphere is taken from Gareia and Solomon
11983, 1985] at equinox and low latitudes.

Results

As discussed by Mlynczak et al. [1993], O('A) can be
generated directly upon photolysis of ozone in the Hartley band
and indirectly by quenching of the O,('Z) state. The O5('T) state
can be generated in two different ways including direct excitation
by sunlight at 762 nm and by energy transfer from O('D). There
are a total of five sources of Oy('A) and four sources of 0,('D)
considered in this work. Shown in Figures 1 and 2 are the
relative contribution of each source to the total O5(!A) and
0,('Z) abundances, respectively. The sources corresponding to
cach numbered curve are described in the figure captions.

We apply the methodology described above to the problem of
inferring the ozone concentration from measurcd oxygen airglow
emission intensities initially assuming the following uncertaintics
in each parameter: 5% in Ag: 6% in ¢, 10% in ¢,; 15% in J;g,
Jaand Ay 20% in Jg, Ji. koo kg, ks Ky kgeoand ky; 30% in gy
and ¢, was varied between 0.44 and 1.0. Species densities (N3,
03, CO,, O3, and O) and temperature were held fixed in both
forward and inverse calculations. Varying the quenching rates of
0,('E) by 0,. CO,, O3. and O by 20% resulted in no significant
uncertainty in retricved ozone.

Shown in Table 2 are the results of the study for inferring
ozone from measurcments of 02('A) emission. In cach column is
the percentage change (as a function of altitude) in the inferred
ozone concentration due to the indicated change in the parameter
listed at the top of cach column. The six parameters listed (J;s.
I Ap. 9. &, and k;) account for nearly all of the variance in the
retricved ozone. The column labeled RSS is the root-sum square
of the error due to the uncertainties in all paramcters. In this
column we see that at the indicated levels of parameter
uncertainty the inferred ozone is accurate from 25% to 30%
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below 80 km and from 17% to 20% between 80 and 90 km.
Above 90 km the uncertainty rapidly increases because ozone
provides only a small fraction of the O,('A) abundance. The
stated goal of 15% uncertainty is not achieved with uncertainties
of 10% to 30% in the six key parameters listed in Table 2. The
total systematic error presented here for ozone concentrations
derived from measurements of 02(’A) emission are consistent
with those presented for the SME experiment by Thomas et al.
{1984].

An important question is by how much should the
uncertainties be reduced in order to bring the total uncertainty in
retrieved ozone below 15%. For simplicity, we require that each
of the six parameters be known to the same accuracy and then
determine the minimum uncertainty required to bring the overall
uncertainty in the inferred ozone below 15% over most of the
altitude range.

The column labeled RSS' in Table 2 is the total uncertainty in
inferred ozone calculated using a 7% uncertainty in the six key
parameters identified above. The uncertainties in all other
parameters arc unchanged. Below ~92 km the accuracy is better
than 15% except ncar 75 km where the uncertainty approaches
20%. As shown in Figure 1, above 92 km and near 75 km, ozone
is responsible for less than L2!f of the O,('A), and the inferred
ozone at these altitudes is very sensitive to relatively small
uncertainties in the airglow model parameters. From this analysis
we conclude that the six key rate constants defined above need to
be known to an accuracy of about 7% or better to allow ozone to
be inferred from measurements of the O,('A) airglow to an
accuracy of 15%. Of the six parameters, J;g and J, are not
laboratory measurcd rates but are calculated using solar intensity,
absorption cross scction. and atmospheric composition data. As
such, future laboratory research should concentrate on
improvements in parameters Ay, ¢4, 0., and k;. Priority should
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Figure 1. Relative magnitude of sources of O,('A). Curve 1 is
production directly from ozone photolysis. Curves 2 through 5
represent production of O,('A) from collisional quenching of
0,('%). Curve 2 is production indirectly from O('D) generated
by ozone photolysis, Curve 3 is production indirectly from O(!D)
generated by O, photolysis in the Schumann-Runge continuum,
Curve 4 is production indirectly from O, photolysis at Ly-o
wavelengths, and Curve 5 is from production of O,(1X) by
absorption of sunlight at 762 nm. Curve 6 is the sum of Curves
1 and 2 which represents the total ozone-related production of
0,('A).
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Figure 2. Relative magnitudes of sources of O,('Z). Curve 1 is
production due to resonant absorption of sunlight at 762 nm,
Curve 2 production due to energy transfer from O('D) generated
directly from ozone photolysis, Curve 3 is production due to
O('D) generated by photolysis of O, in the Schumann-Runge
continuum, and Curve 4 is production due to O('D) generated by
photolysis of O, at Ly-o wavelengths.

be placed upon Ay and k; as the root-sum-square of the errors
due to uncertainty in ¢4 and 0e below ~92 km is small (6%-7%)
except near 75 km.

In a similar manner the uncertainty in inferred ozone from
measurements of the 02('):) airglow was determined. The results
are listed in Table 3 in the same fashion as Table 2. Initial
parameter uncertainties are as given above for the OZ(IA)
airglow. We find that eight parameters (Jys, J,, A, §g. 0L, ke, kgs
and k¢) contribute most to the variance, and at the stated initial
levels of parameter uncertainty the accuracy in inferred ozone is
no better than 50% (column RSS) at all altitudes. The
uncertainty is very large near 75 km and above 90 km because
ozone is responsible for less than half of the O,('E) at those
altitudes (as shown in Figure 2).

Because of the large uncertainty in Oy('Z)-inferred ozone at all
altitudes, we specified a 5% uncertainty on all parameters and
then recalculated the uncertainty in inferred ozone, which is
given in the column labeled RSS’ in Table 3. The goal of 15% is
achieved only below 60 km and near 85 km where, as shown in
Figure 2, ozone is responsible for more than half of the O,('%).
Between 60 and 85 km, processes involving ozone generate only
10% to 50% of the O,('X), and the inferred ozone is therefore
extremely sensitive to parameter uncertainty.

From this analysis, it appears that the O,(!X) dayglow may
provide a good proxy for ozonc in the upper stratosphere and
lower mesosphere (30 to 60 km) and also near 85 km. However,
as with the O,('A) airglow, there needs to be significant
improvement in the knowledge of kinetic and spectroscopic rates.
Specifically, below 60 km there are six parameters whose
uncertainty is responsible for virtually all of the uncertainty in the
inferred ozonc, J,, k¢, kq, 9g, Ky, and Ag. Of these six parameters,
J, and ¢4 arc also indicated for improvement above in the
discussion of the O,('A) airglow. It is unlikely that the accuracy
of Ag (5%) will be improved, so future laboratory research
should focus on improving k., kg4, and k; to an accuracy of ~5%.
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There are other sources of systematic error to be considered
other than rate constant uncertainty. These may includc
instrument calibration errors, radiative transfer errors, line-of
sight O, abundance errors, instrument pointing, and temperature-
pressure registration. Typical uncertainties (< 3 K) in
simultaneously measured temperatures will not cause additional
significant error in the rate constants provided the temperature
dependence is known over the range of expected temperatures
(140 K to 270 K). Of these additional error mechanisms,
instrument calibration can be a serious error component of upper
mesospheric and lower thermospheric ozone inferred from
measurements of O,(1Z) even if the kinetics are well known.
Shown in Tables 2 and 3 in the columns labeled Cal is the error
in inferred ozone duc to a 5% uncertainty in the absolute
calibration of an instrument which determines the O5('A) or
0,('%) volume emission rate. Calibration errors result in large
uncertainties (10% to 100%) in 02(12)—inferred ozone above 60
km because ozone is responsible for a small portion of the total
0,('Z) abundance.

Finally, we have also considered the impact that simultaneous
measurements of both oxygen airglows would have on the
uncertainty in the derived ozone concentration. O,('I)-derived
ozone is independent of the Oy('A) concentration, but Ox(!A)-
derived ozone is not. Therefore, simultaneous measurements of
both airglows could possibly reduce the uncertainty only in
O,('A)-derived ozone. However, our studies show that if the
02('):) concentration is known (by mcasurement or calculation)
to 10% accuracy there will be little improvement in the
uncertainty in ozone concentrations derived from measurements
of the O,('A) airglow. This result is a consequence of the fact
that the bulk of the uncertainty in O,('A)-derived ozone is from
parameters such as J,, Ay, and k; which relate the 0,('A)
emission rate to the ozone concentration and from the fact that
(below ~92 km) the bulk of the Oz(lA) is generated from ozone
photolysis.

Table 2. Errors in retrieved ozone due to errors in kinetic and
spectroscopic rate parameters associated with the Oy('A)
airglow at 1.27 um. See text for description.

Param. Jis J, Ag ¢4 O k; RSS RSS' Cal

Error 1.15 1.15 115 13 1.1 1.2 1.05
Z(km

100.0 -6.5 -13.0-12.3 1382 498 -0.52363190.3 294
969 -3.5 -13.0 -63 459 174 -04 742 565 13.2
937 -2.1 -13.0 -41 171 7.0 -05 306 222 8O0
90.6 -1.6 -13.0 -3.1 81 37 -07 206 149 63
875 -15 -130 -26 53 27 -12 178 123 5.7
844 -19 -130 -24 48 28 -2 168 108 5.7
813 -60 -130 -34 55 59 -46 192 118 71
78.1 93 -130 -58 59 82 -85 231 135 82
74.7 -189 -13.0-11.8 63 148 -175 362 195 11.5
71.3 -127 -13.0-13.0 58 105 -19.3 327 166 93
67.8 -6.6 -13.0-127 56 63 -189 292 144 7.2
64.1 -3.6 -13.0-127 57 42 -189 283 138 6.2
60.2 -24 -130-131 57 35 -19.6 288 139 58
56.1 -14 -130-131 58 28 -19.6 287 138 55
51.7 -09 -13.0-132 58 25 -19.7 287 138 53
473 -05 -130-13.1 58 22 -197 286 138 5.2
428 -03 -13.0-131 58 21 -19.6 286 137 5.1
385 -03 -130-132 58 20 -197 286 137 5.1
344 -03 -13.0-132 58 20 -198 287 138 5.1
305 -04 -13.0-133 57 21 -199 288 138 5.1
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Table 3. Errors in retrieved ozone due to errors in kinetic and spectroscopic rates associated
with the O( IE) airglow at 762 nm. See text for description.

Parameter: his 1. Ak 04 Op k. ky ke RSS RSS Cal.

Uncertainty: 1.15 1.15 1.05 1.3 2.24 1.2 1.20 1.20 1.05
Z{km

1000  -101.0 -13.0  -129.0 30120 -61.0 -1056.0 1320.0 139.0 3811.2 954.8 387.5

96.9 -44.0 -13.0 -44.0 809.0 -27.0  -280.0 350.0 65.0 1017.2 250.0 109.7

93.7 -22.0 -13.0 -17.0 252.0 -14.0 -86.0 108.0 35.0 312.5 72.6 373

90.6 -14.0 -13.0 -9.0 102.0 -8.0 -35.0 43.0 24.0 124.7 259 16.9

87.5 -11.0 -13.0 -6.0 58.0 -7.0 -20.0 25.0 22.0 73.1 149 10.9

84.4 -13.0 -13.0 -7.0 47.0 -1.0 -16.0 20.0 25.0 62.9 14.1 10.0

81.3 -39.0 -13.0 -15.0 48.0 -18.0 -16.0 20.0 57.0 92.2 26.5 18.9

78.1 -57.0 -13.0 -21.0 49.0 -20.0 -16.0 20.0 81.0 118.2 36.2 249

747  -111.0 -13.0 -38.0 50.0 -23.0 -17.0 21.0 147.0 198.8 65.0 43.1

71.3 -73.0 -13.0 -27.0 440 -6.0 -15.0 18.0 104.0 140.2 45.5 29.6

67.8 -37.0 -13.0 -16.0 42.0 0.0 -14.0 17.0 62.0 89.1 26.6 17.6

64.1 -19.0 -13.0 -10.0 42.0 0.0 -14.0 17.0 41.0 67.8 17.9 11.7

60.2 -13.0 -13.0 -8.0 42.0 0.0 -14.0 17.0 34.0 62.0 15.1 9.5

56.1 -7.0 -13.0 -7.0 42.0 0.0 -14.0 17.0 27.0 57.2 13.1 7.6

51.7 -4.0 -13.0 -6.0 42.0 0.0 -14.0 17.0 23.0 55.0 12.1 6.6

47.3 -2.0 -13.0 -5.0 42.0 0.0 -14.0 17.0 21.0 54.0 11.6 6.0

42.8 -1.0 -13.0 -5.0 420 0.0 -14.0 17.0 19.0 53.2 11.2 5.5

38.5 -1.0 -13.0 -5.0 42.0 0.0 -14.0 17.0 18.0 52.9 11.2 5.5

344 -1.0 -13.0 -5.0 42.0 0.0 -14.0 17.0 18.0 529 11.2 5.5

30.5 -1.0 -13.0 -5.0 42.0 0.0 -14.0 17.0 18.0 52.9 11.2 5.6

Discussion Garcia, R. R., and S. Solomon, The effect of breaking gravity waves on

It is evident from the results presenied above that the
molecular oxygen dayglows, O('A) and O4('%). may provide
very accurate measures of the ozone concentration from the
upper stratosphere into the lower thermosphere (below 92 km) if
several key kinetic and spectroscopic parameters can be
determined to accuracies of 5% to 7%, and if measurements are
made with well-calibrated instruments. However, the
uncertainties in most rates are far greater than 5% to 7%. In fact,
the total uncertainties presented in the columns labeled RSS in
Tables 2 and 3 may be optimistic. For example, at mesospheric

temperatures, quenching rates k., kg. k;, and k¢ are uncertain by
25% to 40% [JPL-92], while O is uncertain by as much as 20%
[Knickelbein et al., 1987]. In addition, a key parameter in the
inference of ozone concentration from measurements of Oy('A)
emission is the Einstein A-coefficient for spontaneous emission
of the Oy('A) state, and it is uncertain by nearly a factor of 2, as
shown by Mlynczak and Nesbitt [1995]. Finally, based on the
results in the RSS’ columns of Tables 2 and 3. it is unlikely that
either oxygen airglow feature can provide an accurate (RSS <
15%) measure of the ozone concentration above ~92 km.

It is important that the kinetic and spectroscopic rates and
mechanisms defined in this letter be better determined in the near
future. A coordinated and focused laboratory effort is needed to
determine the rate constants to the accuracies as described above.
These efforts will greatly aid the study of mesospheric ozone
through the potential reprocessing of SME data, the analysis of

HRDI data, and the interpretation of new measurements from the
SABER instrument.
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